small intestinal contractions on the basis of the kind of flow they induce and on the basis of their spatial and temporal dimensions suggest several patterns of contractions : rhythmic segmentation, peristaltic rushes, to-and-fro movements, and pendular movements (9). Pendular movements have been poorly described (3), Pendular movements may represent contractions of the longitudinal muscle layer independent of the circular muscle layer. That possibility prompted this study of longitudinal contractions and the kind of flow they might produce.
As early as 1923, there were motion pictures of the intestine suspended in saline solutions (1, 2). In 1926, Zimmerman and Alvarez (2) placed ink markers along the intestine to examine longitudinal contractions, but their description seems incomplete.
Descriptions of flow in the small intestine are generally qualitative and often confusing. The processes are extremely complicated physiological and fluid-mechanical functions.
For this study, simplifications in both areas were made.
The hypothesis examined was that contractions of the longitudinal muscle layer occur in the duodenum, which are independent of those of the circular muscle layer, and that these contractions induce flow of duodenal contents.
MATERIALS ASD METHODS
Description of contractions. Healthy adult opossums of both sexes, weighing at least 3.0 kg, were anesthetized by intraperitoneal injection of sodium pentobarbital, 50 mg/kg. The duodenum was removed by transection immediately beyond the pylorus and at 7-10 cm below that point and immersed in a bath of Krebs solution, aerated with 95 % 0 2 -5 % CO2 at 36.5-37.5OC.
The ends of the segment were tied to horizontal glass tubes (ID, s inch), and the two tubes were mounted rigidly with the segment at its approximate length in situ. The rigid supports could be moved to prevent sagging of the segment. Measurements were made when there was no sagging. The serosal surface was marked with points of India ink aligned along the long axis as shown in Fig. 1 Fig. 2 . Two parallel vertical walls, placed in a bath of glycerin, were made free to move, and two short vertical walls were fixed perpendicular to the parallel walls. Photographs of aluminum dust sprinkled on the surface of the glycerin, made during movement of the parallel walls, revealed the streamlines. The residual thyme, which appeared as a suspension, then acted as a marker for the flow visualization.
More objective measurements related to circular muscle layer activity or combined circular and longitudinal activity are beyond the scope of this paper. Independent circular muscle layer activity cannot be distinguished by this method because of the longitudinal displacements which result from circular contractions.
As explained earlier, there were periods of activity when no changes in diameter were observed, but longitudinal displacements were apparent. These periods were assumed to represent independent longitudinal muscle layer contractions. Displacement of thyme never occurred with these apparently isolated contractions of the longitudinal muscle layer.
Photographs of one 40-s interval of such activity were analyzed in the film analyzer by examining the longitudinal movement of the 12 ink spots. The results of this analysis appear in Fig. 3 . The figure suggests that there is a regular period in the displacements of each point and that the displacements show a phase lag caudad. T is the period of the displacement of the point labeled 10 in Fig. 3 (the most clearly de-fined of the 12 points). T, determined by averaging the time intervals required for a full cycle of displacement, was 2.92 s, corresponding to a frequency of 20.5 cycles/min. The total length of the duodenal segment, I, was 9.8 cm. Maximum displacements occurred at the point labeled 10 in Fig. 3 . The root-mean-square of this displacement was 0.876 cm. Average propagation velocity of this longitudinal displacement, cm, was obtained from the slope of the line shown in Fig. 3 . The total phase lag, al , between the two ends of the duodenum is then calculated by al = 360 (Z/X,) where X, = CUT. As explained in the legend of Fig. 3 , the net phase lag was QE = 369", corresponding to a velocity of 3.27 cm/s. It should be noted that this propagation velocity is not constant and is not the propagation velocity of the electrical slow wave? moved at velocities of 1 cm/s or less, fluid near the moving boundaries was dragged in the direction of the wall movement. As the particles encountered the -fixed walls, flow was diverted and particles were forced to Aow opposite the direction of the wall movement in the center region. A photograph bf the flow field is shown in Fig. 4 . The curved paths of the moving aluminum particles show the streamlines of flow, with movement of the particles from the wall to the center region at the fixed wall.
The fixed vertical wall may not fully mimic the stagnation plane condition that would exist in vitro. The effect of a stagnation plane in the fluid rather than the fixed boundary we used in the model would possibly result in greater mixing. Unstable flow at stagnation planes can occur under some physical conditions.
Rather than devising a more complex model with a stagnation plane, we accepted the conclusion that the described experiment adequately demonstrated the likelihood of movement of fluid particles from the periphery to the core regions of the flow field in a longitudinal contraction.
Analytical modding of j%w. A theoretical model of the flow due to longitudinal wall movement can be based on the following assumptions: first, the internal geometry is axisymmetric. Second, the flow is quasisteady (very low Reynolds number).
Third, the fluid is incompressible. Fourth, the fluid is Newtonian.
Only the assumption about the incompressibility of the fluid can be applied strictly to flow in the small intestine, but all the assumptions seem reasonable for an initial study.
Before proceeding with the theoretical development of the model, a verbal rather than mathematical description of the physical concepts will be helpful to the reader not familiar with fluid mechanics.
Basically, forces that determine the fluid motion are transmitted to fluid particles through viscous and pressure effects. If we examine the control volume, similar to the dashed lines shown in Fig. 5 and an internal circulation has been created. Now, a more mathematical statement of the above ideas can be made. The advantage of this formulation is that specific equations for the fluid velocities can Also, th .e influence of the wall velocity and the be obtained. propagating slow wave appears in the result.
See Fig. 6 for the flow region described by the boundaries ~'1 = 0, 1 and r/R = 1. The boundary conditions for the axial velocity component, u, are assumed to be: I) at r = R, u = uw = velocity of wall; 2) at z = 0, I; u = 0. Following the ideas of Rouse (8), a linear combination of Couette and Poiseuille flows can be used to obtain flow patterns caused by the axial wall movement.
The volumetric flow rate across any boundary defined by 2.I = constant is denoted 4. Then, which is represented by the shaded region in Fig. 5 , the character of the flow induced by the longitudinally moving walls can be deduced. In Fig. 5 a particular instant in time is represented when one longitudinal contraction is centrally located. (In general there may be more than one propagating contraction.) Thus, the wall velocity variation is such that the velocity is zero at the two ends and at the middle of the duodenal segment. The wall movement for this case is toward the middle of the segment. Returning to the cylindrical control volume idea, we proceed by examining the fluid flow in and out of the control volume. The moving walls, through the mechanism of viscosity, transmit forces to the fluid particles near the wall which tend to drag the fluid. This effect creates a flow into the control volume near the walls as shown in Fig. 5 . Thus, flow into the control volume occurs near the periphery at both ends of the control volume described by the position < = a and 3 = b. Recall that it was assumed that the fluid was incompressible. Incompressibility implies that the net flow into a control volume must be zero. Thus, a flow opposite to the peripheral flow must occur in the core as shown in Fig. 5 . The cause of this reverse flow is the increased pressure inside the control volume. In summary, near the wall where viscous forces are dominant, the flow is in the same direction as the wall velocity. Near the core, the pressure influences the flow such that the incompressibility condition is satisfied. The net result is that the fluid particles must follow a curved path Since there is no flow across the boundaries defined by z = 0 and r = R, net volumetric flow across any boundary, q, will be zero. q=o
The superposition assumption can be written u = uc + u, where uc represents the Couette component and u, represents the Poiseuille component of the flow. The Couette component is simply equal to the wall velocity, uw. That is, at a low Reynolds number where the viscous forces dominate (the second assumption), the fluid will simply move with the wall.
UC = uw
The velocity component resulting from the pressure gradient is assumed to be the parabolic profile of Poiseuille flow:
where uo = axial fluid velocity at r = 0. Substituting the axial velocity components into quatim 2, an expression for the axial veloc ity compone nt is obtained. Note that wall velocity may depend on the coordinate z and also on time. Thus, in this simplified model, the r dependence and z dependence have been separated. Velocity variation across the tube is parabolic and < variation A0 = amplitude function which is dependent on Z/X and z (must vanish at z = 0, I) I = length of duodenum between the fixed supports 2 = coordinate along longitudinal axis of the duodenum a = phase lag function which is dependent on Z/X and x.
The following special case will demonstrate how circulation of duodenal contents can result from longitudinal motility.
For Z/h = 1, the amplitude function is:
and the phase function, a, is a linear function of x. The net lag between < = 0 and < = 2 is 180", which can be written a = dz/l) -r/Z. As a convenient instant in time, let t = T/Z. Then the wall velocity is:
As shown in Fig. 6 , the expression corresponds to a movement of the walls toward the center of the contraction, z = E/2. Substitution of this expression for the wall velocity into equafians 3 and 5 yields an expression for the axial velocity component, 
where u' w is a derivative of the wall velocity with respect to <* To complete the expression for fluid velocities, equations 3 and 5, a function of time and < representing the wall velocity, is necessary. This function may come directly from experimental measurements of longitudinal motility, or it may be a mathematical expression which models the observed behavior.
A model describing the kinematics of the duodenum in the experimental configuration discussed above has been proposed by Macagno, Melville, and Christensen (unpublished data). The wall velocity can be obtained from the displacement function which is described in that work by differentiation with respect to time. The wall velocitv is: Thus, at the instant in time chosen in this example, the wall velocity describes a contraction phenomenon with the center of the contraction at the midpoint of the flow region. The wall velocities and velocity profiles for u and v are shown in Fig. 6 . Also shown is a sketch of the streamlines which demonstrates how longitudinal wall movement can transfer particles from core to boundary and from boundary to core. This circulation is more complicated than the figure shows. The figure represents an instantaneous picture of flow, while in the duodenum the centers of contraction and relaxation are continuously moving irl the direction of movement of the electrical slow wave.
Flow is nearly completely reversible in this model; when relaxation occurs, the fluid particles nearly return to the exact position they had before the contraction.
Complete reversibility is not optimum for the internal circulation function of the small intestine. When longitudinal motions are combined with circular contractions, however, an irreversible process is very possible. Also, the fact that longitudinal contractions sweep caudad and the possibility that they may not be completely symmetrical may both create some irreversibility in the flow pattern.
DISCUSSION
The analytical model has limitations. Based on the velocities calculated from the analytical model, an order of magnitude analysis indicates that for viscosity greater than that of water, the assumption of a low Reynolds number is very good. However, when the viscosity of thyme approaches that of water, inertial terms may influence the flow fields. The transient influence will cause the axial velocity profiles to be less parabolic and more like that of boundary layer flow, with a uniform velocity in the core
